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NPSAT1 Parameter Estimation Using Unscented Kalman Filtering
Pooya Sekhavat, Qi Gong and I. Michael Ross
Abstract—NPSAT1 is a small satellite being built at the
Naval Postgraduate School and scheduled to launch in 2007. It
primarily employs magnetic sensing and actuation for attitude
control. The nature of the in-house fabrication and assembly
of the spacecraft requires reliable computational estimation of
the difficult-to-measure parameters of the end-product. The
inherent nonlinear dynamics of the system makes the observer
design a challenging problem. This paper presents the successful
implementation of the Unscented Kalman Filter (UKF) for
the spacecraft parameter estimation. Since a three-axis mag-
netometer is the only sensor onboard, the UKF algorithm also
estimates the system orientation and angular velocity. The unit
quaternion constraint is enforced by treating the norm of the
quaternions as a dummy measurement. Simulations and ground
test experimental results show the superior performance of the
UKF in spacecraft dual state-parameter estimation.
I. INTRODUCTION
NPSAT1 is a small prolate non-spinning satellite that
primarily uses a three-axis active magnetic attitude control. It
is designed and constructed at the Naval Postgraduate School
and is scheduled to launch in 2007 at an altitude of 600±40
km (Fig. 1). Magnetic attitude control provides robustness,
light weight, lower power consumption, and cost-efficiency
and is an attractive choice for low-orbit satellites. The control
system includes a magnetometer and three magnetic torque
rods. Interaction between the three magnetic dipole moments
generated by the torque rods and the Earth magnetic field
produces a resulting torque that actuates the spacecraft.
In order to be able to design and verify the effectiveness
of the spacecraft attitude control system, a hardware-in-the-
loop air-bearing platform with all actual NPSAT1 sensors and
actuators was designed to mimic NPSAT1 attitude movement
in a laboratory environment. Similar to the actual NPSAT1,
the dynamic model of the ground test-bed includes mass
properties and moments of inertia. However, unlike the in-
flight motion, the airbearing table moves about a center of
rotation located slightly above the center of mass to provide
passive stability. This introduces an additional parameter
(distance between center of mass and center of rotation) into
the dynamic model that should be determined for attitude
control design.
By designing the spacecraft to be symmetrical and aligning
the coordinate system with the spacecraft principal axes, the
products of inertia vanish and the number of remaining mo-
ments of inertia that should be measured/estimated reduces to
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Fig. 1. Artist’s Rendition of NPSAT1.
the three principal moments of inertia. One way of finding
the values of the moments of inertia is to mathematically
calculate the overall system’s moments of inertia knowing the
inertia values (geometry) and exact locations of each system
component. Although this approach can be of some help for
simulation-based studies, it has little or no practicality when
it comes to real situations. In practice, the system parame-
ters can alternatively be estimated using various parameter
identification techniques that employ sensor measurements
and known physical equations. For the system under study,
an example of such practice would be to measure the swing
period of the airbearing table under some known (or zero)
control. Finding the distance between center of mass and
center of rotation using such strictly experimental approaches
would, for example, include measurement of inclination
angle when the system is counter-balanced at an inclined
position with a known static weight placed at a known
distance from the center of rotation.
A third fundamentally different approach to estimate the
system parameters is to use filtering techniques with capa-
bility of simultaneous state and parameter estimation. One
of the most powerful estimation techniques that has been
commonly used in various applications is the Kalman filter
and its later extensions to account for system nonlinearities
[1], [2], [3]. Through linearizing the system dynamics along
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the actual (nonlinear) trajectory and applying the standard
Kalman Filter, the Extended Kalman Filter (EKF) can cap-
ture the nonlinear characteristics of the system during the
estimation. However, the inherent linearization in the scheme
can be the cause of divergence and ultimate failure of the
scheme. Also, the method’s Jacobian matrix derivation can
be cumbersome and prone to human errors.
The more recent alternative estimation method proposed
by Julier and Uhlmann is the Unscented Kalman filter (UKF)
[4], [5]. It is “founded on the intuition that it is easier to
approximate a probability distribution than it is to approxi-
mate an arbitrary nonlinear function or transformation” [4].
By introducing a set of so-called sigma-points to capture the
higher order statistics of the system, UKF successfully avoids
the linearization step. This property alone is a significant
advantage over the EKF and accommodates nonlinear sys-
tems with discontinuity, table-looking parameters, and even
rule-based decision making problems, where EKF is not
applicable. By preserving the higher order information of
the system, UKF improves both accuracy and convergence
properties of the solution. Remarkably, UKF has roughly
the same computational complexity as the EKF [6], [7] and
its superior performance carries no additional computational
burden.
Following successful UKF applications for spacecraft at-
titude estimation [6], [8], [9], the method was successfully
employed for NPSAT1 state estimation [10]. This paper
extends the previous work by examining the UKF method
for simultaneous parameter-state estimation.
Kalman filtering methods for state-parameter estimation
can be grouped into two major categories: joint and dual.
They both estimate the state and parameters concurrently.
In the joint estimation approach, unknown parameters are
augmented to the state vector [11], [12] and the time-update
of the augmented part of the state vector allows for no
changes beyond the effects of process noise. That means
parameter values are updated throughout the process of
propagating the entire augmented covariance matrix. Dual
filtering technique intertwines a pair of distinct sequential
filters, one estimating the states and the other estimating
the parameters [8], [13], [14]. The method is capable of
decoupling the parameter filter from the state filter. This can
provide more designer flexibility to choose the covariance
matrices in a way that reduces the detrimental effects of
the state filter on the parameter filter and vice versa. In
this work, we employ the dual state-parameter estimation
technique with the goal of estimating the unknown difficult-
to-measure parameters of NPSAT1 airbearing platform.
The paper is organized as follows. First, NPSAT1 attitude
dynamics is explained followed by a brief review of the
Unscented Kalman Filter and its application to dual state-
parameter estimation. Next, UKF is implemented for the
airbearing parameter estimation and the simulation results
are presented. Finally, the method is examined using the
actual sensor measurements from NPSAT1 ground tests on
the airbearing platform. To ensure the state convergence,
the estimated states are compared with an alternative set
of independently measured position values from an optical
position measurement system installed on the test rig. The
convergence of parameter estimation is validated through
starting the estimation routine from various initial conditions.
It is shown that simulations and experimental ground test re-
sults are in excellent agreement and UKF can be successfully
used to estimate the states and parameters of such a highly
nonlinear dynamic system.
II. DYNAMIC MODEL OF THE SYSTEM
A. NPSAT1 Dynamic Model
In this section we briefly describe the dynamics of the
NPSAT1 spacecraft. More details can be found in Refs [10],
[15]. By defining the standard quaternions and body rates as
the state variables, we have x = (q, ω) ∈ R7, where
• q = (q1, q2, q3, q4): quaternion of the body frame with
respect to the orbit frame,
• ω = (ωx, ωy, ωz): rotation rate of the body frame
with respect to the inertial frame expressed in the body
frame.











The kinematic equations of motion for the NPSAT1 can now
















[−ωxq1 − ωyq2 − ωzq3 − ω0q2] (5)
where ω0 is the angular velocity of the orbit with respect to
the inertial frame.
Control is applied through the interaction of the dipole
moments generated by the three magnetic torque rods u =
(u1, u2, u3) ∈ R
3 and the Earth magnetic field. Choosing
(I1, I2, I3) as the principal moments of inertia, µ as Earth
gravitational constant, and r0 as the distance from the center
of spacecraft to the center of the Earth, the Euler’s dynamic

































[By(q, t)u1 −Bx(q, t)u2] (8)
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where Cij denote the corresponding element in the Direction
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The vector (Bx, By, Bz) is the Earth magnetic field in the















where (B1(t), B2(t), B3(t) are the components of the Earth





[cos (ω0t)[cos (ǫ) sin (i)− sin (ǫ) cos(i) cos(ωet)]










[sin(ω0t)[cos(ǫ) sin(i)− sin(ǫ) cos(i) cos(ωet)]
+2 cos(ω0t) sin(ǫ) sin(ωet)].







• µ = 3.98601 × 1014m3/s2; the Earth gravitational
constant.
• Me = 7.943×10
15Wb.m; the magnetic dipole moment
of the Earth.
• r0 = 6978; the distance from the center of spacecraft to
the center of the Earth (a constant for a circular orbit).
• i = 35.4◦; the orbit inclination
• ǫ = 11.7◦; the magnetic dipole tilt
• ωe = 7.29× 10
−5rad/s; the spin rate of the Earth.
The complete dynamic model of NPSAT1 is formulated by
equations (2)—(8). Clearly, it is a fairly complex nonlinear
system. Note also that as a result of the changes of the
magnetic field in time, (B1(t), B2(t), B3(t)) , the overall
system is time-variant.
None of the state variables, (q, ω), can be directly mea-
sured as the only onboard sensor is a three-axis magne-
tometer that measures the magnetic field in the body frame.
Since attitude control is done through magnetic actuation,
the magnetic field generated by torque rods can also be
picked up by the magnetometer. Therefore, the real sensor
measurement is the combination of Earth magnetic field,
(Bx, By, Bz), and the magnetic field generated by the torque
rods. Mathematically speaking, the output function of the
system (2)—(8) is















where (Bxu, Byu, Bzu) denote the magnetic field generated
by the torque rods as functions of (u1, u2, u3). The slopes
of these linear functions depend on the relative position of
the magnetometer and the torque rods, and can be either di-
rectly calculated or determined experimentally. For NPSAT1
airbearing platform, we have experimentally determined that,
Bxu(u1, u2, u3) = −0.0012u1 − 0.000039u2 − 0.00051u3
Byu(u1, u2, u3) = −0.000013u1 − 0.0017u2 − 0.00011u3
Bzu(u1, u2, u3) = 0.000049u1 − 0.00022u2 + 0.0017u3
B. Airbearing-Specific Dynamic Modifications
As a result of using the air-bearing platform for NPSAT1
ground tests, the equations of motion should represent the
system dynamic behavior on Earth. The main difference
between the two in-flight and on-Earth motions is the fact
that the NPSAT1 center of mass in flight coincides with its
center of rotation whereas the center of rotation of the air-
bearing table on Earth is slightly above its center of mass.
This offset, l, causes an additional gravity torque modeled
as:
[Tx, Ty, Tz] = mgl [−C23, C13, 0] ,
where m is the mass of the table platform, g is the gravi-
tational constant on Earth and l is the distance between the
table’s center of mass and center of rotation. Consequently,
in order to capture the true dynamics of the ground test-bed,




[(I2 − I3)ωyωz −mglC23+




[(I3 − I1)ωxωz +mglC13 +





By(q, t)u1 −Bx(q, t)u2] (13)
Equations (11)—(13) together with (2)—(5) constitute
the complete dynamic model for the airbearing test-bed.
Therefore, the parameter estimation scheme should not only
estimate the system’s moments of inertia, but also the
additional constant mgl that is specific to the ground test
experiments.
III. DUAL STATE-PARAMETER ESTIMATION USING
UNSCENTED KALMAN FILTER
This section presents a brief overview of the UKF-based
dual state-parameter estimation of the NPSAT1 spacecraft.
UKF utilizes the so-called sigma points to generate state
and parameter predictions at each step. Sigma points are
propagated using the system’s nonlinear dynamics and the
posterior mean and covariance are then calculated from the
propagated sigma points. This, preserves the system’s both
first- and second-order statistics and, compared to EKF,
results in a considerably improved convergence properties.
In a dual state-parameter estimation routine, the state and
parameter estimators are sequentially intertwined in a way





The standard UKF estimation routine is well documented
elsewhere [4], [5], [6] and will not be repeated for the sake
of brevity. However, UKF in its standard format cannot be
implemented for quaternion-based attitude estimation. This
is due to the fact that the algebraic unit quaternion constraint
[see eq (1)] should be enforced throughout the estimation to
prevent the covariance matrix of the quaternion states from
becoming singular [1]. As it is detailed in [10], this problem
can be remedied by treating the norm of the quaternions as
a dummy output and augmenting it to the real measurement
vector:
h(q, ω, u, t) =


Bx(q, t) +Bxu(u1, u2, u3)
By(q, t) +Byu(u1, u2, u3)












Although there is no real sensor to measure the norm of
the quaternions, by definition, we know that the quaternion
norm is always one. This simple idea is easy to implement
and enforces the algebraic unit constraint at each step. More
details on NPSAT1 state estimation using UKF is presented
in [10].
B. Parameter Estimation
The ground test-bed parameters that need to be estimated
are [I1 I2 I3 mgl] where I
′s are the second moments
of inertia and mgl is the additional constant specific to
the airbearing table. The parameter estimation routine is
essentially similar to the state estimation and exploits the
parameters mean and covariance. The catch is that the
predicted output vector for the parameter estimator is in
the form of a state vector that is obtained by feeding the
parameter sigma points into the previous-step state propa-
gation. The propagated results are then used in conjunction
with the current state estimates (that serves as the current
measurements) to generate the updated parameter estimates.
The updated estimate of the parameters is then fed back into
the state estimator for the next iteration. For more details on
the method, the readers are referred to Ref. [8], [13], [14].
IV. SIMULATION RESULTS
This section presents the simulation results of applying
the dual UKF routine for the airbearing parameter es-
timation. The output (magnetometer measurement) vector
is constructed by propagating the system’s dynamic equa-
tions with parameters (I1, I2, I3,mgl) = (2.0, 1.5, 2.5, 0.23)
from the initial orientation and angular velocity of
(q1, q2, q3, q4) = (−0.0066, 0.0025,−0.467, 0.884) and
(ωx, ωy, ωz) = (0, 0, 0) rad/s, and under a constant
control input of u1 = u2 = −u3 = −33A/m
2.
The UKF estimation starts with the initial orientation,
angular velocity, and parameters of (q1, q2, q3, q4) =
(0, 0, 0, 1), (ωx, ωy, ωz) = (−0.02, 0.02, 0.01) rad/s, and
(I1, I2, I3,mgl) = (1.0, 2.2, 2.7, 0.46), respectively. There-
fore, the initial estimation values are deliberately chosen to
be considerably different than the actual values. The process
and measurement noise covariance matrices used in state and
parameter estimators are
Rstate = diag([1e− 10, 1e− 10, 1e− 10, 0]);
Qstate = diag([1e− 8, 1e− 8, 1e− 8, 1e− 8,
1e− 7, 1e− 7, 1e− 7]);
Qparameter = diag([1e− 5, 1e− 5, 1e− 5, 1e− 5]);
Rparameter = diag([1e− 8, 1e− 8, 1e− 8, 1e− 8,
1e− 7, 1e− 7, 1e− 7]).
A. Results and Analysis
The UKF estimation results for the system parameters and
the corresponding estimated states are shown in Figs. 2—4.
The true values are the solid lines and the estimated values
are the dotted, dashed, and dash-dotted lines that are used
to differentiate various states. The figures show that, despite
such a large initial errors, the system states and parameters
converge to their real values. As expected for the above-
explained dual algorithm, parameter convergence is achieved
at a much slower rate (1500 s) than the state convergence
(200 s).




















Fig. 2. Parameter estimation.
To further examine the states convergence, the norm of
the estimated quaternions is shown in Fig. 5. The figure
illustrates that the unit quaternion constraint is only enforced
after the state convergence is achieved. As a last measure of
ensuring convergence, we calculate and compare the values
of the Earth magnetic field (eq (9)) using the true and
estimated state values. If convergence is achieved, the results
should be in good agreement. Fig. 6 shows the results where
the estimated values are overlayed on top of the true values
in black solid line. The excellent match between the two is
another indication that the estimation scheme has, indeed,
converged.
V. GROUND TEST EXPERIMENTS
In this section, the actual magnetometer measurements
collected throughout the airbearing maneuver is used for the
dual state-parameter estimation. The intension is to study the
performance of the method in real test experiments.
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Fig. 3. Quaternion estimation. Estimated values are overlayed on top of
the true values in solid line.



















Fig. 4. Angular velocity estimation. Estimated values are overlayed on top
of the true values in solid line.













Fig. 5. The norm of the estimated quaternions.
A. Experimental Test Rig
The air-bearing test rig (Fig. 7) offers free motion about
three perpendicular axes replicating the NPSAT1 attitude



















Fig. 6. The Earth magnetic field. Estimated values are overlayed on top
of the true values in black solid line.
motion on Earth. It is equipped with on-board power supply,
three MT-30-2-CGS Microcosm magnetic torque rods, and a
Honeywell Smart Digital Magnetometer HMR2300 aligned
with the system’s principal axes. The magnetometer mea-
sures the Earth’s instantaneous magnetic field in each x, y,
and z direction. The onboard single-board computer (SBC) is
a repackaged PC running a 400 MHz Pentium. It interfaces
with the magnetometer and the torque control board via
serial commands to a simple onboard microcontroller. The
SBC’s Input/Output (I/O) is orchestrated with a command
generation laptop and accepts ASCII-encoded serial-based
(RS232) commands. The serial communication is through
a Linksys wireless Ethernet bridge and using Matlab In-
strument Control Toolbox. The overall platform is passively
balanced by dummy weights installed symmetric to magnetic
torque rods, magnetometer, wireless bridge, etc.
In order to validate the UKF-based estimated states, the
air-bearing is furnished with an optical measurement system
that can directly measure the attitude. It consists of an
onboard laser diode, an indicator screen, a CCD camera and
a PC loaded with analysis software that converts the camera
readings into Euler angles.
B. Results and Analysis
Similar to simulation analysis, a constant control of
u1 = u2 = −u3 = −33A/m
2
is applied to airbearing table. The maneuver starts when the
system is oriented near (q1, q2, q3, q4) = (0, 0,−0.47, 0.88)
with (ωx, ωy, ωz) = (0, 0, 0) rad/s. The only sensor
measurement available to the UKF is the magnetic field
measured by the magnetometer. Estimation routine starts
from (q1, q2, q3, q4) = (0, 0, 0, 1), and (ωx, ωy, ωz) =
(−0.02, 0.02, 0.01) rad/s which implies large initial errors
in orientation and angular rates. In the absence of a means to
verify the converged values of the system parameters, various
values are used as the parameters initial estimates spanning











Fig. 7. Air-bearing test rig.
for mgl. The process and measurement covariance matrices
used in the dual state-parameter estimation are:
Rstate = diag([1e− 8, 1e− 8, 1e− 8, 0]);
Qstate = diag([1e− 7, 1e− 7, 1e− 7, 1e− 7,
1e− 7, 1e− 7, 1e− 7]);
Qparameter = diag([1e− 2, 1e− 2, 1e− 4, 1e− 6]);
Rparameter = diag([1e− 5, 1e− 5, 1e− 5, 1e− 5,
1e− 3, 1e− 3, 1e− 4]).
UKF estimation results for the system parameters is depicted
in Fig. 8. It clearly indicates that, regardless of the initial
conditions, the estimated values for the parameters converge
to (I1, I2, I3,mgl) = (1.4, 1.5, 2.5, 0.05), respectively.
The convergence of the estimation scheme is verified in
a variety of different and/or completely independent ways.
The first verification method is to compare the UKF esti-
mated quaternions with the attitude measurements obtained
from the onboard optical measurement system. Although
quaternion or angular rates will not be directly measured
in orbit, the ground test-bed is equipped with a CCD camera
capable of recording the Euler angles (θ, φ, ψ) throughout the
motion. The Euler angles are then converted to quaternions



















Fig. 8. Estimated parameters.

















Fig. 9 depicts the estimated vs directly measured quater-
nions. It shows that, when convergence is achieved, the
UKF-estimated and camera-measured quaternions coincides
within the camera’s precision of 2.5◦. As a next measure of






















Fig. 9. Quaternion estimation. Estimated values are overlayed on top of
the directly measured values in solid lines.
convergence, the Earth magnetic field is calculated using the
UKF estimated states [see (9)] and compared to the actual
magnetometer readings. Fig. 10 demonstrates the excellent
match between the two estimation-based values and the
actual measurements, thus, verifying the convergence of the
UKF algorithm. The last convergence test is to check the
unity of the estimated quaternion norm. This, is depicted
in Fig. 11. The figure confirms that, when convergence is























Fig. 10. The Earth magnetic field. Estimated values are overlayed on top
of the actual magnetometer readings in black solid lines.













Fig. 11. The norm of the estimated quaternion.
Finally, it worths reminding the readers that the above UKF
dual estimation algorithm also provides estimated values of
other unmeasurable states such as angular rates, as shown in
Fig. 12.
VI. CONCLUSIONS
Unscented Kalman Filter was successfully implemented
for parameter estimation of the NPSAT1 in-house fabri-
cated ground test assembly. Despite the inherently nonlinear
dynamics of the system, both simulation and experimental
results showed that the UKF dual state-parameter estimation
scheme is capable of estimating the true values of states and
parameters. The convergence of the method was confirmed in
various ways, including an independent attitude measurement
using an onboard optical measurement system.
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Fig. 12. Estimated angular velocities.
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